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1.0 Introduction

A Specialists Meeting on Atomization and Non-dilute Spray Behavior was heldon March 20 and 21, 1985 at Sandie National Laboratories. The meeting was
jointly sponsored by the Air Force Office of Scientific Research, the Army

Research Office and Sandia National Laboratories. The convening of the
meeting was motivated by the perception that the areas of atomization andnon-dilute spray behavior were technologically important, poorly understood

and little studied. It was the expectation of the sponsors that, by providing
a forum for experts to review the current state of knowledge and identify
critical deficiencies, it would be possible to establish directions and priori-
ties for increasing the research in these areas.

Attendance at the meeting was by invitation only. This was done to keep the
number of attendees small enough to promote active discussion and participa-
tion from all. An attempt was made to include researchers who were representa-
tive of current activity in spray research, as well as those working in poten-
tially relevant areas. The List of Attendees is included as Appendix A.

The meeting was organized into six sessions. The first four, Dilute Spray
Behavior, Non-dilute Spray Behavior, Atomization, and Measurement Techniques,
were designed to review past and current research and provide a framework for
the last two sessions. These were a General Discussion of the material pre-
sented in the four reviews and final session devoted to developing a Summary
and Research Recommendations resulting from the meeting. In the subsequent
sections of this report, each of the review sessions is summarized, followed
by a synopsis of the recommended research needs in the field. The Figures
used by the four invited speakers are included as Appendices B through E.
These Figures ire referenced in the following summary sections.

2.0 Dilute Sprays

The summary of Dilute Spray Behavior was given by Professor Gerard Faeth
of Pennsylvania State University. The lecture was intended to preface the
areas of major concern for the meeting by reviewing results in a spray regime
in which research directions were relatively well defined and not in need of
further stimulation. In fact, even this presentatl'n caused considerable
dlhcusslon among the participants.

The fourth figure (see Appendix B) of Professor Faeth's presentation defines
dilute sprays based on behavioral limitations. This figure provoked a strong
controversial response. It became clear that the boundary between dilute and
non-dilute behavior itself is a significant unknown and may be coupled to the
spray phenomenon of interest. Thus, the boundary for droplet interactions
influencing evaporation or group mode combustion may differ from that for
turbulence modulation. Figure 4 then may be regarded as a general rule of
thumb, reflecting conditions which may be neither necessary nor sufficient for
dilute spray behavior.

Figures 8-11 identify three approaches to modeling spray behavior. These
approaches reflect contemporary capability for predicting turbulent flow
behavior in which drop sizes are much smaller than grid resolution of compu-
ters. Therefore, spray behavior has been modeled as a subgrid phenomenon



using Reynolds or Favre-averaged differential transport equations with various
levels of closure. The results given in Professor Faeth's presentation all

*i were calculated with the k-epsilon closure model.

S The first of the three models for particle-laden flows, illustrated in the
eighth presentation figure, is the locally homogeneous flow (LHF) model. In
this model discrete particle phenomena are ignored, and the particulate is
"modeled as a jet of a second fluid continuum injected into the ambient fluid.
The model is rigorously valiO only for infinitely small particles at low
volume fractions.

The second model discussed by Professor Faeth and illustrated in Figure 9 is
the discrete separated flow (DSF) model. In this model a particle laden flow
is s~im-mated by a computationally tractable number of discrete particles.
Mass, momentum and energy exchanges between the particle and the fluid ambient
are influenced by the mean velocity of the fluid flow and not by ambient
turbulence behavior.

The last of the three models, shown in the tenth figure, is the stochastic
separated flow (SSF) model. It differs from the DSF class of models in that
ambient turbulence does influence particle behavior through a random sampling
of turbulent eddy behavior.

Figures 14-19, 20-22, 23-25, 26-28 and 29-39 show, respectively, comparisons
between the predictions of the three models and experimental measurements for
the particle-laden flows listed in Figure 13. Note that solid particles in
air and gaseous bubbles in liquid were tested along with liquid sprays in air.

K The SSF model predictions generally are quite accurate and outperform the
other models. Some inaccuracies are noteworthy for SSF predictions of radial
dispersion, but these errors are attributed to the inability of the k-epsilon

K closure model to account for anisotropic turbulence. These predictions
"reflect contemporary spray prediction capability.

Outstanding research issues for dilute spray behavior are summarized in Figure
57. Figures 42-56 reflect the current state of understanding for these
issues, including research programs which are currently active. These Figures
suggest that significant research remains for single droplet and dilute spray
behavior. A strong coupling exists to the atomization and nondilute phenome-
na, which initialize the aerothermochemical behavior of dilute sprays.

3.0 Non-dilute Sprays

The review of non-dilute sprays was given by Professor C. K. Law of the Univer-
sity of California, Davis. Suggested references were the review article by
Faeth (Reference 1) and the paper by O'Riurke and Bracco (Reference 6).

As shown in Figure 3 (see Appendix C), the non-dilute or dense spray is a tran-
sition state between the atomization region and the dilute spray. In this
region the droplet density is high so that droplet-droplet interactions are
Important. Further, the spray is not fully mixed with the ambient. Thus
there are substantial radial temperature and velocity gradients and droplets
are moving at moderate Reynolds numbers. The extent of the non-dilute spray
region is primarily governed by the rate of ambient entrainment and mixing.
"The spray is dilute when the inter-droplet spacing has increased to the point
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that droplets m3y be considered as interacting with the intervening fluid
instead of each other. A code developed for the non-dilute spray region
should be capable of treating the evolution of the initial droplet size and
momentum distributions, as given by the appropriate atomization model. At
present, this initial input is largely empirical.

Non-dilute sprays have been regarded as presenting a more difficult challenge
for analysis than dilute sprays because of phenomena described in the current
surnary. Dr. Law suggested that opportunities for simplifications in analyses
in non-dilute spra)s also should be explored (see Figures 6 and 7). For
example, the Interior of the spray may be relatively cool and saturated with
vapor so that mass transfer and change of phase effects can be ignored.

While there may be differences in approach to the detailed modeling, there
appears to be agreement on the important processes which must be treated in
a description cf non-dilute sprays. These are droplet collision, droplet
transport, and two-phase flow interactions.

Droplet collisions may result in coalescence (see Figures 14-20), with one
resultaoit large droplet, partial coalescence followed by separation, resulting
in the change in sizes of collision partners and/or the creation of new drop-
lets, or inelastic recoil, with no change in size. Coalescence is governed by
the rotational energy of the collision complex. If the ro.t.ational energy of
the complex exceeds the increased surface energy necessary to form two drop-
lets, the complex will be unstable and separate. There is little quantitative
information on the other possible processes. Therefore, the inclusion of
droplet-droplet interactions involves the development of approximate, largely
intuitive models for collision effects.

Droplet trannport processes in non-dilute sprays must be modeled over the
range spanning fluidized bed to non-interacting conditions. In addressing
these problems, Dr. Law presented an extensive review of vapori7ation pro-
cesses relevant to non-dilute sprays. This discussion is summarized in
Figures 9-15. Approximate relations have been developed for drag coeffici-
ents, heat and mass transport rates in dense flows. However, these are
largely based on data obtained for particulate or low vapor pressure fluids.
Further research is needed to develop appropriate relations for vaporizing
droplets. Dense spray mass transport becomes particularly important for
combusting flows. The dynamics of group, as opposed to individual droplet,
combustion are governed b:, the fuel vaporization and transport rate from the
fuel rich, dense spray to the outer, oxygen-rich mixing zone.

In the non-dilute spray region, the ambient gas is being accelerated and
entrained by the high velocity droplet stream. Turbulence production is
reduced due to particle inertia which also modifies turbulent transport (see
Figure 21).

4.0 Atomization

The review of jet atomization was presented by Dr. Rolf Reitz of General
Motors Research Laboratory and followed the general outline of Reference 11.
While there appears to be no precise definition of atomization, for the pur-
poses of this discussion, the term will be associated with that region of the
injected fuel spray in which the fuel is reduced to droplets of size much less

43..,. 3
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than the nozzle orifice. Thus, the atomization region can be considered as
extending from an undefined point upstream of the nozzle orifice to the non-
dilute region of the spray.

With other conditions held fixed, as shown in Figure 3 (see Appendix D), it
has been possible to identify four distinct regimes of 4et breakup which are
a function of Jet velocity. At very low speeds, the jet is unstable with
respect to small perturbations and forms droplets of a size equal to or larger
than the jet (Rayliegh instability regime). At slightly higher velocities,
the jet experiences a low shear interaction with the amolent gas and jet
breakup is augmented by the aerodynamic interaction between the liquid and gas
(First wind-induced breakup regime). The droplet size is still on the order
of the jet diameter. At higher velocities, jet breakup is due to the growth
of unstable surface waves produced by the relative motion between the jet and
ambient gas (Second wind-induced breakup regime). Since the wavelength of
these disturbar.nces is short, the resulting droplets are much less than the jet
diameter. With the possible exception of the second wind-induced breakup
regime, the above processes may have little to do with the formation of spray
from practical fuel nozzles, since 311 three involve breakup at a considerable
distance downstream of the nozzle exit. In contrast, both single and dual
fluid (air assist) atomizers, when operating at their design points, appear to
atomize the fluid almost instantaneously upor emergence of the jet from the
nozzle. This final regime of jet breakup has been termed "atomization" and is
characterized by high jet velocities and/or high relative gas-liquid veloci-
ties.

Also in contrast to the other three regimes, there is a lack of consensus on
the mechanisms operating in the atomization regime. Due to small dimensions,
the high liquid densities and other impediments to experimental investigation,
there is little direct knowledge about the stati of the liquid and gas in this
region. Experimental studies have concentrated on elucidating the variables
controlling the spray shape and droplet size distribution and then inferring
the atomization mechanism(s) which are consistent with the data. While not
inclusive, the proposed atomization mechanisms, Figure 11, can be reduced to
six general types:

a. Aerodynamic interaction - This is similar to the wind-induced interac-
tion models developed for lower speed jets. Primary breakup is attributed to
wave growth on the liquid surface.

b. Pipe turbulence - Initial jet breakup is attributed to internal fluid
motion produced by turbulence generated upstream of the nozzle.

c. Wall boundary layer profile rearrangement - Breakup forces are produced
by the rearrangement of the fluid radial velocity profile once the jet exits
the nozzle and the wall boundary condition is no longer present. The redistri-
bution of energy results in radial velocity components which disrupt the jet.

d. Boundary layer acceleration - Fluid in the boundary layer accelerates
due to the abrupt change in constraint at the nozzle exit. This acceleration
produces interface stresses and surface waves leading to breakup.

e. Supply pressure oscillations - Jet instability and cross sectional
variations are directly related to variations in the fluid supply pressure.

4



f. Cavitation - Cavitation, and resultant two-phase flow, upstream of the
nozzle exit produce large pressure disturbances which lead to atomization.

Investigations of sprays produced by high pressure liquid Jets injected into
quiescent, room temperature air have yielded data which are consistent with
the aerodynamic interaction model, if modified to empirically account for
nozzle geometry (see Figures 12-20). However, the role of nozzle geometry is
not well understood and a complete model for the atomization process could
well involve components of cavitation and/or boundary layer effects. It
should be noted that the reported agreement is not supported by direct measure-
ment of the droplet size distribution in the atomization region. Such measure-
ments have not been made. Rather, an assumed droplet size distribution, based
on scaling appropriate to the modified aerodynamic breakup model, has been
used, together with a non-dilute spray code, to predict the droplet size
distribution in the dilute spray region, where measurements have been made.
Clearly, there is a need for more direct methods of determining atomization
mechanisms and for a theory capable of predicting the droplet size distribu-
tion.

Discussion of Dr. Reitz's presentation produced two criticisms of the results:

1. Theoretical prediction of initial drop sizes was based on a linearized
stability analysis extended to interfacial wave amplitudes well beyond the
linear regime.

2. Supporting experimental results for drop sizes are based on measure-
ments of small numbers of drops at the spray perimeter, where flash photo-
graphs could be taken. The interior of the spray, containing most of the mass
flow of liquid, could not be measured.

Dr. Reltz and his co-investigator, Dr. Bracco, responded that their studies
represent the most advanced application of current scientific capability to a
complex physical phenomenon of high technological relevance. The perceived
shortcomings of this research should stimulate research to improve mathemati-
cal and instrumental capabilities.

5.0 Measurement Techniques

An overview of Spray Measuremente, Methods and Applications was given by Dr.
William Bachalo of Aerometrics, Inc. The text interspersed with Dr. Bachalo's
presentation Figures makes additional direct commentary unnecessary. This
presentatio,' discussed generally the application of optical and physical probe
measurement techniques for determining drop size and velocity in sprays. Dr.
Bachalo concluded that the phase Doppler approach, which has been the subject
of his research activity, offers superior capability with respect to the range
of drop sizes measured without adjustments to optical components and measure-
ments in high droplet number densities and large gas-phase index of refraction
gradients. This conclusion was contested ty Drs. Holve and Hess, who are
investigating other methodologies for drop size and velocity measurement.

Dr. Bachalo's presentation reflects the mainstream of research activity on
instrumentation for spray characterization. New requirements for instrumer-
tation will arise in relation to atomization and non-dilute spray research.
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Some demonstration of these requirements already has been givei in the presen-
tations by Drs. Law and Reitz. They would include the following:

1. Liquid volume fractions sufficiently high to discourage the use of

electromagnetic radiation.

2. Interfacial geometries which are irregular and highly complex.

3. Highly transient behavior.

Also related to these requirements is the need to acquire, quantify and
analyze information.

Dr. C. W. Kauffman made a brief presentation on neutron radiography--a
measurement technique which has been demonstrated successfully under high
liquid volume iraction conditions.

An overall assessment of Dr. Bachalo's presentation and related discussion
is that measurement of drop size and velocity in dilute sprays is approaching
credibility, although hampered by the lack of an accepted standard to test
accuracy. Techniques for measuring atomization and non-dilute spray behavior
are largely unexplored.

There are various methods for incorporating these effects depending upon the
turbulence model employed. Particularly at high droplet densities, there is a
lack of quantitative data to guide model development.

As has been noted in the above discussion, there are gaps in the understanding
of non-dilute spray phenomena. At present, these gaps are being filled by
approximations based on assumptions and extrap-lations, largely from dilute
spray behavior. Nonetheless, computer models, incorporating these approxima-
tions, have been shown to be consistent with overall spray behavior. While
this may be partially fortuitous, it suggests that the overall approach is
correct. However, better diagnostic techniques, capable of determining local
gas and droplet properties in non-dilute sprays, are essential to provide
detailed verification of the complex models now in use and under development.

6.0 Research Needs

During the last two sessions of the meeting, the attendees developed a list
of the major research nieds in the general area of sprays. As given, and
ammended, these are:

1. Diagnostics for liquid scalar properties.

2. Control theory/dynamic sensing - this was recognized as an
application of spray understanding.

3. Drop/turbulence interactions.

4. Interphase transport phenomena - two phase, including indirect
drop-drop interaction.
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5. Critical point phenomena

6. Aerodynamic drop shattering and distortion.

7. Transient drop ignition/extinction.

8. Diagnostic instrumentation for dense sprays.

9. Highly transient spray effects - not covered in this meeting.

10. Surface wave instability.

11. Cavitation within injectors.

12. Non-dilute combustion and structure.

13. Spray-related combustion instability.

14. Identification of modeling simplifications appropriate to various
regimes.

15. Mechanisms of production of stable drops.

16. Selection of reference atomizers for laboratory studies.

17. Computational methods for two-phase flows.

18. Transverse injection - injection into cross flow.

19. Scaling of experiments.

20. Drop-drop interaction - collision, coalescence and shattering.

21. Surface interactions - drop with wall.

22. Liquid phase reactions - monopropellant, fuel/oxidizer.

23. Surface tension.

24. Atomization of non-Newtonian fluids.

It should be stressed that -his is not a prioritized listing. Nc attempt was
made to assign priorities to the various research needs. However, an examina-
tion of the list reveals that a large number of the items deal with aspects of
atoinization. This was probably predictable since, as was noted in tre review
presentation, atomization is the least understood of the spray phenomena.

7.0 References

One of the preliminaries to the meeting was a request for relevant background
reference publications made to the invitees. The response to this request was
truly overwhelming--enough papers were suggested to require weeks of careful
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study. A sampling of these pap-- was chosen for mailing to the attendees to
provide a perspective on curren- pray research capability. This sampling is
not intended to be comprehensivd, and we offer our apologies to all of those
submitters whose sugge:tions were not included.
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I APPENDIX C

Non-Dilute Sprays

Figures by C. K. Law
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APPENDIX D

Atomizat~.on

Figures by R. D. Reitz
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REVIEW OF LIQUID JET ATOMIZATION

"Rolf D. Reitz
6Fluid Mechanics Department

General Motors Research Laboratories

for presentation at

Specialists Meeting on Atomization and Nondilute Sprays
Sandia National Laboratories,
Livermore, CA.
March 20-21, 1985.

ABSTRACT

- In the atomization regime of a round liquid jet, a diverging spray is
observed immediately at the nozzle exit. The mechanism that controls

-. atomization has not yet been determined even although several have been
proposed. An evaluation of existing theories shows that aerodynamic
effects, liquid turbulence, jet velocity profile rearrangement effects,
and liquid supply pressure oscillations each cannot alone explain

* available experimental data. However, a mechanism that combines
liquid-gas aerodynamic interaction with nozzle geometry effects is
consistent with the data. But the specific process by which the nozzle

*2. geometry influences atomization still rem'nains to be identified.

o
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SPRAY MEASUREMENTS

METHODS AND APPLICATIONS

W .D. BACHALO

AEROMETRICS Inc.

P.O. BOX 308

MOUNTAIN VIEW9 CA
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OBJECTIVES

*Discuss Spray Measurement
Requirements'

*Review Present Capabilities

*Initiate Discussion On
Current And Future
Research Goals
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DEFICIENCIES

IN E4X1STLNG STIRAY DATA

*Reliability

oSimultaneous Size And Velocity
Measurements

*Angle of Trajectory

*Drop Concentrations

*Gas Phase Measurements In Sprays

*Polydisperse Two-Phase Flow
Measurements

*Drop Drag Coefficient

*Turbulent Drop Dispersion

*Spray Flame Measurements
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INTRODUCTION

The measurement of particle or drop size as well as velocity is

needed in a number of applications associated with the laser

Doppler velocimeter (LDV). It is well known that the particles

"used to scatter light must be small enough to adequately respond

to the flow velocity fluctuations but large enough to scatter

sufficient light intensities. A method for simultaneous measure-

"ment of the particle size and velocity can mitigate the concern

with the particle generation by limiting the velocity measure-

ments to the small particles. In other cases, fluid velocity

measurements are required in the presence of a dispersed particle

4 field. Such two-phase flow measurements may be associated with

spray drops in a turbulent gaseous flow, solid particles in a

slurry, or bubbles in cavitation studies. Several methods

including signal amplitude discrimination have been used to limit

the fluid velocity measurements to the small particles. However,

these methods do not completely eliminate the signals from larger

particles because of the Gaussian intensity distribution of the

"laser. A method is required that can perform simultanous

"measurements of the particle (or bubble) size over a large size

range.

There Is also a great deal of interest in measuring the size and

velocity distributions of particles (drops, bubbles or solid

spheres). Current interest in spray combustion research, for

example, requires that these measurements be made in complex
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turbulent flow environments and often in the presence of

flames. Other applications demand the determination of mass flow

* rate which also requires the measurement of drop velocity.

in this presentation, a new method for obtaining the aforemen-

tioned lata will be described. The method referred to as the

*. Phase/Doppler Particle Analyzer is similar to a standard laser

Doppler velocimeter but has the added capability for measuring

A particle size. The presentation will cover the basic light scat-

tering characteristics involved, the description of the method,

its evaluation and examples of data obtained with the instrument.

V ol1
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General Cowmente On Particle Sizing

There are some general considerations to be made in selecting a

particle sizing method. Perhaps the first is to assess the

• .measurement requirements in terms of size range, working

"distances, spatial and temporal resolution, and whether the

* actual distribution or simply distribution parameters are

measured. For example, the small angle forward scatter detection

system measures the Sauter mean diameter (D3 2 ) based on the aver-

age of the particles within the collimated beam path. Single

particle counters measure the size of individual particles to

produce a direct measurement of the size distribution. These

measurements are made at points in the particle field. Imaging

"methods obtain size distributions over a volume of the particle

field defined by the field of view and the depth of field. The

size of the field of view as determined by the resolution

- requirements and the need to obtain an adequate statistical dis-

tribution with a reasonable number of recordings.

The type of sample averaging that occurs during the measurement

may also be important. Modern small angle forward scatter

diffraction systems and imaging systems can produce size distri-

butions in an instant. That is, unsteady flows may be measured

to obtain a time history of the spray size distribution. Single

particle counters obtain size distributions that are average in

*2 time. Current systems obtain measurements at up to 30,000/sec.

However, in unsteady flows an ensemble average taken over several
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cycles may be required. The Phase/Doppler Particle Analyzer

CP/DPA) records the time of arrival of each measurement so the

temporal be1,avior of the particle field can be reconstructed.

Time resolved measurements ar-t useful in Diesel sprays, for

example, wherein the injection occurs in a short period of time

but with change spray density and size distribution.

*sF'ATLA.L A.%D TEMPORAL RESOLUT1iO

*SPACE

9 POINT

* PLk\I OR %*OLtWIE

*orTICAL PATH AVERAGE

* TIE!

*INSTA.NTA.\7EOVS

*TLM ANERAGED

*TIME RESOLVED

*EX&.\IPLES
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CONSIDERATIONS IN TECHINQUE SELECTION

MEASUREMENT CAPABILITY

ML•LTS ON OVERALL SIZE RANGE

STHIEORETICAL - e.g. RESOLUTION LIMIT ON SMALL DROPS

. ANALYTICAL DESCRIPTION - e.g DIFFRACTION TIEORY > 3p

. LOSS OF SENSITIITY - e.g. DIFFRACTION BY LARGE DROPS IS CONCENTRAT1

IN TIlE FORWARD DIRECTION

*D)YNAMIfC RANGE

. MEASUREMENT R.ANGE AT ONE INSTRUMENT SETTING

' LWIiTATIONS

* INSTRUMENT RESPONSE FUNCTION

. DETECTOR/PRE.AMPLIFIER RESPONSE

- SAMPLE VOLUME

• LOSS OF SENSITINITY

• SIGN.AL-TO-NOISE

"" OBSC'RATION

DROPS

SGA- 0 mW30x2x 0OMot

SCHEMA4TIC ILLU'STRATING DROP SIZE RANGE AND) SIGNAL RESPONSE

AlIOmETrucs. INc
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Particle Number Density Considerations

Single particle counters have been recognized for their ability

to obtain size distributions directly with high resolution and

can be coupled with the LDV to obtain simultaneous measurements

of size and velocity. However, the earlier arrangements using

forward scattered light detection were severely limited by the

need to have only a single drop in the sample volume at a time.

Off-axis light scatter detection eliminated this problem.

The modern single particle counters can obtain measurements in

sprays with very high number densities and are limited by similar

conditions to the ensemble averaging techniques. The primary

limit is the extinction of the laser beam. Measurements have

been made with the beam extinction as large as 75%.

Multiple particle or ensemble detection methods (small angle

forward scatter) are limited by the need to have a sufiicient

number of drops in the beam to produce an adequate signal-to-

A noise ratio. tingle particle counters do not suffer from low

number densities but the time required to obtain a distribution

may become excessive. Well-designed instruments provide for very

large changes in the sample volume to overcome this minor limits-

S ton.

The number density or particle flux is needed In many applica-

%ions. both the a-'e and velocity are needed to accurately
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determine this parameter. In addition, the sample volume needs
*.

to be determined. This will be discussed in a later section.

Ensemble methods cannot measure the particle number density

*£ directly. Often an extinction measurement is used to infer the

• "number density.

* DROP N')LBER DENSITY N(d)

* LLNITATIO'S
. SINGLE PA~rICLE COLN'TERS - O.'E DROP 1N SANPLE VOLLSM AT A

-I hR'LTIfLE P RTiC1L DETECTION - MA.%-Y PAIMCLE NEEDED FOR SICG..-

TO-.'OISE
SS.AMULE SIZE/S.'AWL£ VOLVWM - SLTFICE.%r NL)SMER OF DROPS TO

DETERD%.E THI DISTRIBLEION

- OB.CULATION
,- •~~ .'XTINCT'IION

", MULTIPLE SCATTERIMG

* taStRE••N'T OF (j

. SINGLE PARTIJt C"OLUN7E

"" UGHT EXTIC•1 rO. IUI REOc.T

* COLLE(TiO\ OF DROPS
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Size Distribution Type

In particle field studies it le important to define and under-

stand the differences between the types c' distributions that are

acquired. A spatial distribution is obtained when a collection

of drops occupying a given volume of space is sampled instantan-

eously. as with a high-speed photographic or holographic means.

As illustrated in the adjacent figure, the size distribution is

sensitive to the relative number density of each size class, N(d)

in particles per unit volume.

A temporal distribution is generated by measuring individual

drops that pass through a sampling cross-section during an

interval of time. Thus, temporal distributions are generally

produced by collection techniques and by optical instruments

which are capable of sensing individual particles. The temporal

distribution depends upon the particle flux.

The temporal distribution may be transformed into the spatial by

dividing the number of samples In each size class by the average

velocity of the particles in that size class. If all of the

drops are moving at the same velocity, the spatial and temporal

distributions are identical. However, sprays generated by pres-

sure atomizers, for example, will produce differences in velocity

of an order of magnitude between the smallest to largest drops.

This emphosizes the need for simultaneous'drop size and velocity

measurements.
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. SIZE DISTRIBUTION TMPE

* SPATL4L

*" .AVERAGED OVER FINITE VOLUME

. IN ST.A..TA.N•OUS SAMIPLE

* SENSITIVE TO RELATIVE NUMBER DENSITY N(d), PARTICLES/VOLLUME

" TE.MPORAL

9 TIME AVERAGED

. SENSITIVE TO PARTICLE FLLX

F N(d,)1'(d1 )A(d5 )

TIME S

*o:

T ~ 0 MEASUREMENT
0 VOLUME

a0
MEASUREMENT

- CROSS-SECTION

":; 0

SPATIAL TEMPORAL

"SCHEMATIC OF DISTRIBUTION ACQtISITION

"I; AIROMEP3ICS. INC
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1.-

"*DROP SILPE

* SENSITINITY

, DETECTABILITY

• . ,MEASUREMENT

* . TECHNIQUES

- . P4%AGING - PROJECTED DIA.METER, OR DLMENSIONS

* DIFFRACTION - SX\IE AS ABOVE IF SY METRIC DETECTION

- AVERAGES TO PROJECTED "DiAMETER"

<IMAGN O Q
- PROJECTED DIAMETER. OR DIMENSIONS

* REFRACTION OR REFLECTION - SENSITIVE TO RADII OF CURVATURE

- MEASURED DLAMETER AN "ANIRAGE" OF d1 AND d.

DETECTOR

r2d2

- MEASURED DIAMtEM R AN "AVE RAGE" OF i AND d2

AELOMETRICS, INC.
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AEROMETRICS, INC.

* COMPATIBILITY WITH TEST ENVI:RONMENT

e ACCESS REQUIREMENTS

9 WORKING DISTANCE, w

o INTRUSIVE OR NONINTRUSIVE

* CONTA.NATION

* LIGHT EXTINCTION

w

SCATTERED LIGHT DETECTION AND SHADOWGRAPH

SCATTERED LIGHT DETECTION AND INTEAFEROMETRY

•-.

12i RECEIVER

SMALL ANGLE FORWARD SCATTER DIFFRACTION

4IMAGE

PHOTOGRAPHY AND HOLOGRAPHY

EXAMPLES OF MEASUREMENT TECHNIODES SHOWING NONINTRUSIVE
"WORKING DISTANCES
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.DROP' COMPOSITION SENSITIVITY

T IEX OF REFRACTION

L IMLAGING, DIFFRACTION HAVE LITTLE OR NO DEPENDENCE

*REFRACTION AND) REFLECTION ARE DEPENDENT ON REFRACTIVE INDEX

*INTERFEROMETRY CAN ELIMNATE DEPENDENCE

*DENSITY '- PRIMAkRILY FORl IPACTORS

N M1TICOMPON'ENT - SLURRIES, EMULSIONS

9 INTERNAL SCATTERING

9 LMAGING - 0KXV

*INTERFEROMETRY - OKAY IF REFLECTED LIGHT IS MEASURED

*TEMPORAL AND SPATL4.L VARIAMONS IN COMPOSITION

*INDEX OF REFRACTION CHA.NGES AS VOLATILES EVAPORATE

*SLURRY DROPS CHANGME IN MORPHOLOGY AS LIQUID EVAPORATES
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SPRAY MEASUREMENTS

DIAGNOSTIC METHODS

# Imaging

: Ensemble Light Scattering

* Single Particle Light Scattering

. Material Probes
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CATEGORIES OF TECHNIQUES

LMAGING - 'SEEING IS BELIEVING'

* ADVANTAGES

* EASY TO UNDERSTAND

* INDEPENDENT OF DROP COMPWOSITION

* RECORDS DROP DISTRIBUTION IN SPACE

* IDENTIFIED LIGAMENTS

. DROP SILPE MEASt"REMENTS

' DISADVANTAGES

* SLOW DATA REDUCTION

"" SAMPLE SIZE LIMITED BY SAMPLE VOLUIE AND NIUMBER DENSITY

* LLMiTED WORKING DISTANCE, RESOLITTION

* REQUIRES HIGH OPTICAL QUALITY

0 SAMPLE VOLUME FUNCTION OF DROP DIAMETER

* DIFFRACTION LIMOTED RESOLUTION - ACTUAL RESOLUTION IS WORSE

BECAUSE OF ABERRATIONS

R S-LENS TO IMAGE DISTANCED
D- LENS DIAMETER

* DEPTH OF FIELD, .4

M HIGH RESOLUTION REQUIRES SHORT DEPTH OF FIELD

i.. 2.4X(S/D)2 i-t R

Li I .7f2/.\
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N IATERLML PROBES - e.g. HOT-WIRE

, ADVANTAGES

, EASY TO USE

SINEXPENSIVE

. LAIRGE SIZE RAINGE

* DISADVANTAGES

IT ITrRUSIVE/PERTR BING

- LLMTED DROP SPEED/DROP SIIATTERING

"" UNCERTAINTIES IN SAMPLE VOLUME

, CONTAMINATION SENSITIVE

. TEMPERATURE SENSITIVE

"" UNCERTAIN END EFFECTS ON WIRE SUPPORTS

13
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Particle Sizing By Light Scatter Detection

There are several methods available for obtaining the particle

size from the detection of scattered light. Perhaps the most

4F -obvious means involves the measurement of the amplitude or

intensity of the scattered light. Particles greater than the

light wavelength (-3 microns) scatter light in proportion to

their diameter squared. The scattered intensity of known-sized

particles can be measured to calibrate the system to determine

the collection efficiency and gain before measuring size

*• distributions.

When using laser beams, the Gaussian intensity distribution

presents an ambiguity due to the uncertainty in the incident

intensity on the particles. The random trajectories of the

particles through the beam presents a range of Incident

"Intensit%'.j on the drops. One method used to remove this uncer-

tainty is to occept only signals from particles that pass through

the center of the beam. This may be done vith a pair of

"detectors and specially designed masking systems. Unfortunately.

* the method requires a very short working distance.

Another method invol'-es the use of two concentric beams, one with

a much smaller diameter than the other and having a different

wavelength or polarization. This "pointer beam* method uses the

omaller beam to indicate when the particles have passed through

the center of the larger beam. A deconvolution methol has also
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been developed which uses statistical methods to resolve the

ambiguity.

,* In generdl, scattering Intensity methods require frequent cali-

*. brations, are subject to errors resulting from laser beam atten-

uation and improper alignment. High particle number densities

found in sprays, for example, can prod;jce bea- extinctions as

[ high as 70. Refractive index fluctuations in spray flames can

, produce beam spreading and deflections. Each of these effects

* produces erroneous measurements resulting in size measurements

* that are too small.

*• In the forward scatter direction, the angular distribution of the

scattered light Is inversely proportional to the particle size.

° The angular distribution of the scattered light can be utilized

, to size particles from 0.1 to 300 micrometers in diameter. Small

". angle forward scattering (ensemble method) is used for particles

"in the size range of 5 to 300 micrometers with relatively good

accuracy. ror larger sizes the scattered light .s concentrated

along the transmitted beam and Its measurement bicomes very

sensitive to the angular resolutien of the dete'-tor.

,N More recently, the theoretical description for the dual beam

*. light scattering has been developed. The light scattering inter-

ferometry method bases the measurement of the particle Size on

* the relative phase shift of light scattered from one beam with

S-respect t. the other. This method has the advantage of having a
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"o
linear reponse to the particle size, is independent of the scat-

tere• intensity, and is eslly combine• with the laser Doppler

velocLmeter.
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Light Scattering Theory

Without going into details, the light scattered by homogeneous

spherical particles of arbitray size is described exactly by the

Lorenz-Mie theory. Unfortunately, this method is cumbersome for

general use and is not amenable to gaining insights into the

scattering phenomena. For very small particles (d<<V) the

Rayleigh theory may be used as a good approximation. Light

scattering by pdrticles much larger than the light wavelength may

be accurately described using geometrical optics theory. The

* diffraction and geometrical optics theories are asymptotic

* approximations to the Lorenz-Mie theory. These methods have the

* .advantage of making it easy to understand the scattering

* mechanisms.
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* A.N.lTIC.4 DESCRIPTION OF TIlE SCATTERED LIGHT

. SIZE PARAMETER a --

tr.* SCATTERED INTENSITY

S~ilo, M, 0) =1s~o, M. 1)

S1o. m, F) - LIGHT SCATTERING A],LITUDE FUNCTIONS

i(o, m. 0) - SCATTERED INTENSITY COEFFICIENT

1 DIFFRACTION

J1 IS THE FIRST ORDER BESSEL'S FUNCTION OF THE FIRST KIND.

S• ~CO.L\E\T% "N/S

i- * INTENSITY IS PROPOrTIONAL TO d0

d IS IN THE A.GL'W[E\T OF J1(o sin 0) (ANCGLAR DEPENDENCE OF SCATTER

DISTRIBV"flON)

ilf /SCSI " oio-(o.m,)

.o - INTENSITY INCIDENT LTON THE DROP
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Geometrical Optics Theory

The geometrical optics description of light scattering Is

relatively simple. Laws of reflection and refraction are used to

< describe the direction and spread of the emergent light.

- On the adjacent page a schematic of the light scattering

* phenomena is shown. A spherical particle is shown immersed in a

laser beam. The lower enlarged figure shows a representative

"pencil of light incident on the sphere. Part of the light in the

"* pencil is reflected and part is transmitted. The ratio in the

two components can be determined from the Fresnel reflection

* coefficients. The light is deflected in accord with Snell's law

"* and the laws of reflection.

"* Using these basic laws the scattering coefficients can be

*: calculated and are shown on the following pages. The angle e is

taken with respect to the transmitted laser beam. After obtain-

. Ing the scattering amplitude coefficicints they are summed and

*" the square of the amplitude is the intensity (remember that the

amplitude coefficliints are complex numbers).

Plots of the scattering intensity obtained from the simple

theories of diffraction, reflection and refraction are compared

*• to the exact Lorenz-Mae theory calculations for a 5 micrometer

* sphere. The results including the high frequency resonances are

in very good agreement.
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* VRA'INC SHOWING TIM DROP LN TIM LASER BEAM AND THE DINIRGECE
0T AN INC IDE%T PENCI OF UGHT

StLAM

LIG"?

MR GE NT UGHT 6PPR LADS INTO AN MARI

J dAm - lasMOO9

* REFLECTION (flRPENDICVLA POLUARIZTIN)

THa LNpoT%TIAL PHASE TERM
*SeATTEtWl Tn~sMT is DEMEWD% tPO% RLRACThl INEX

L~yON1%4L P)ISE TERM IS IILPENDE7 TOr THZ RLFrtAr=TT I sDE\'1 S 143



I

* . REFRACTION (PERPENDICULAR POLARIZATION)

S1(ca. ~ ~ ~ 2 Cos M? = -(4m2.)] sin I(m COS -I )(M -Cost~)

"2 XEpin -(1 + m2 - 2m Cos 2o

. C O .2 -E NOT S

9 d DOES NOT AFFECT THE AING•LAR DISTRIBUTION (EXCEPT THROUGH

THE EXPONENTIAL PHASE TERM)

o SCATTERED INTENSITY IS DEPENDENT UPON REFRACTIVE INDEX. m

- E.XPO.ENTILL PLASE TERM IS DEPENDENT UPON THE REFRACTI'E INDEX

*SCATTERED LIGHT INTENSITY

$10, m, ) - g,ii(0, 0) + $ )(a, mn, ) + s(2)(0, M. ,)

.. •1o m, P -I So, m, 0) 12

AEROMTWMICS. INC.
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. EXAMPLE OF SCATTERING DL-AGR.A.M

R- jim WATY[R DRtOMET

GEOMETRICAL OPTICS

- MIE THEORY

t010

10; 1 ____________

0elQ 2 I 0 1 42

3 I I a I a 2

10s 0

303 2 34 36 40 42 44 i* kIapew * td~y~w)

* COMMENTS.

* GEOMETRICAL OPTICS IS IN GOOD AGREEMENT WITH EXACT MlIE TIE ORY

FOR Sgpm DROP. a - $

OSCILLATIONS IN THE INTENSITY IS DUE TO INTERFERENCE BETWEEN

THE SCATTERING MECHANISMS (RETRACTION, REFLEMIlON, A.ND DI-

FRACTION)

AEIOMIETICS. INC.
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. . COMNMENTS

. . INCIDENT LASER LIGHT, Io, hAS GAUSSIAN INTENSITY DISTRIBUTION

* INCIDENT INTENSIT" ON DROP DEPENDS ON TRAJECTORY THROUGH
BEAM

- * FORWARD SCATTERED LOBE - DIFFRACTION

o AMPLITUDE PROPORTIONAL TO d2

'o ANGU.L.AR DISTRIBUTION PROPORTIONAL TO lid

- * INDEPENDENT OF PARTICLE COMPOSITION

! 0 "OFF-AkS" SCATTERED LIGHT - REFLECTION AND REFRACTION

o AMPLITUDE PROPORTIONAL TO d2

& ANGULAkR DISTRIBUTION (AVERAGED) INDEPENDENT OF d

. * DEPENDS ON REFRACTIVE INDEX
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.AYGUIAR DISTRIBUTION OF SCATTERED LIGHT

*SMALL ANGLE FORWARD SCATTER DETECTION

*OPTICS

DETECTOR

1SCAT

.SCIIEL4TIC DIAGRAM OF ENSEMBLE OF SCATTERED LIGHT INTENSITY

* DISTRIBUTIONS

*COSLMEN TS

*AVERAGE OF ALL PARTICLES IN THE BEAM DURING SAMPLE ACQ11ISION
*SENSITIVE TO ANGULAR DISTRIBUTION OF LIGHT (PROPORTIONAL

TO 11d)

*DECREASING RESOLUTION WITH INCREASE IN PARTICLE DIMETER

AEROMETICS. INC.
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SINGLE PARTICLE COUNTERS

0 Intensity

* Relative Phase Angle

°,4
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COMMENTS ON LIGHT SCATTER
DECONVOLUTION METIIOD

0 Sensitive To Beam Attenuation

* Alignment Is Critical

0 No Size-Velocity Correlations

o Poor Sensitivity To Larger Drops
With Near-Forward Scatter
Detection

o Not Evaluated In Dense Sprays
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Light Scattering Interferometry

* The phase of the light transmitted or reflected from the

• .- spherical particle is the key information used in the Phase/

* Doppler method. Relative phase shifts are introduced to the

* light wave as a result of the optical path differences of the

*:. rays scatt.ered by the sphere. The adjoining figure shows a

transmitted ray alonS with the imaginary reference ray deflected

"at the ce:nter of the splere as if the sphere was not present.

"The relationship for the phase shift between the actual and

' reference rays is given. The -rand r' are incident and refracted

* angles taen with respect to the surface tangent. p is the ray

"of interest (p - o first surface reflection, p 1 single trans-

• - mission, p - 2 internal reflection, etc.).

3'4SE SHIFT DME TO LENGTH OF OPTICAL PATH

MAY

0EALIl
*AV

1% W ght .ao.Iesgib

6 M Wtsalt ib tespeet to to imagiaaty

ray d#Ifottd 6t Abc real#? of tbt sphrr#

AEROMETRICS, INC.
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The light scattering interferometry method requires the same

treansmitter optics as a dual beam LDV. When two intersecting

beams are incident upon a particle, the particle scatters light

from each beam independently.

If a representative ray from each beam is considered, it is easy

to see that they reach a point P by different optical paths.I ' This is true because they enter the sphere at different angles.

The optical path difference results in a relative phase shift

between the rays arriving at point P. The relative phase differ-

*nee can be computed from the relationship described earlier. If

the computations are carried out for each ray incident upon the

sphere, a scattered interference fringe pattern can be generated.

_:. • I~~C)ML4•TIC' OF' DUAL NU.AM UM SC£ArlIN•G

a &AM V
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*TWO INTERSECTING LASER BEAMS INCIDENT UPON THE DROP

DROP
SEAM

PYI

RAY 2

* OBSERM4TJONS

9 RAYS FROM BEAMS J AND 2 REACH A CONSMON POINT P E. DIFFERENT

* OPTICAL PATHS THAT DEPEN'D ON THE BEAM INTER SECTION ANGI.E.

'pAS WELL AS REFRtACTIVE INDEX, m

* THE OPTICAL PATH DIFFERENCE PRODUCES A RELATIVE PHASE SHUT

AT P

A8DOMETICS, INC
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* PJASE DIFFERENCE BETWEEN RAY I ANLD RAY 2 FROM BEAMS I AND 2

I= (sio rl - sin T2) - pm(sin rl - sin r

o PRODUCES AN INTERFERENCE FRINGE PATTERN

S• ~CO.\tE•INTS

SPILSE 0 IS PROPORTIONAL TO TIML DROP DIAMETER, d

. MEASUR EMENT OF 0 LMPLIES MEASMRING THE INTERFERENCE FRINGE

PATTERN

o THE INTERFERENCE FRINGE PATTERN PRODUCED BYA MOVING DROP

APPEA•RS TO MOVE AT THE DOPPLER DIFFERENCE FREQV'ENC'Y.

,.'AEROE mIcS, INC.
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PHFOTOGRAPHI OF THlE SCATTERED INTERFERENCE FRINGE PATTERN

* A photograph of the actual interference fringe pattern is shown.

* The fringe pattern was produced by a stationary drop held at the

beam intersection. Note that the fringe* are hyperbolic curves

* with straight fringe* thrnuQh the bisector of the beams. The

spacing of the fringe pattern Is inversely proportional to the

drop size and also depends on where the observation is made. The

theoretical predictions provide all of the necessary parame*tric

inform'ation for obtaining the drop size.

AERWETRICS. INC.
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Phase/Doppler Particle Analyzer

in order to obtain drop size measurements, the spacing of the

interference fringes must be measured accurately. Particles

moving through the laser beam Intersection scatter interference

fringes that move at the Doppler difference frequency. The laser

Doppler velocimeter ;neasures this frequency to obtain the

particle velocity. A means is required to measure the fringe

spacing at the same time.

If pairs of detectors are located in the fi',4 d of the scattered

fringe pattern, each detector will produce a Doppler btarst signas

but with a relative phase shift between the signals. The phase

shift between the Doppler burst signals is inversely proportional

to the fringe spacing and hence, directly proportionel to the

particle size.

Three detectors are required to avoid ambiguities associated with

phase angle measurement of greater than 3600. Th., additional

phase measurements also serve to extend the size range of the

inatrutment at one optical setting. In addition, comparisons of

the phase angle measurements between pairs of detectors are used

to evaluate the measurements and to reject spurious signals.

155



PHASE/DOPPLER SPRtAY ANALYZER

*OBSERVATIONS

*TE .ff'0R 4dL FREQIUENW OF THE SCATTEIIEDMFINGE PATTERN IS LINE-ARLY
ItEL'4TED TO PARTICLE %IELOCIT - t g L&SER DOPPLER VELOCIMETER

Velocity x ID)

36 - BEAM INTErRSECTION ANGLE
Isis -1/2

-DOPPLER DDTrERE%c'E rREQLINCY

*SPATIL4 1FRE:Q1INC'I OF T)nSCATTEREDFRINE PATTERN.ISULNEARLY

RErLATED TO PARTICLE (SPHERE) D4MIETER

Am ssis-sial- r"sis f,- we 912]

*PRINCIPLE OF WEASURE'MENT - PAIRS OF DETECIORS LOCATED Ni THE
FIELD OF TIME SCATTERED FRINGE PATTER% MUS PRODUCE SAMtAR DOPPLER
DtVtST SIGNALS BUT WITH A PHASE SHIM. THE PHASE AN4GLE BETWEEN.
THE LIGNAL PAXRs IS PROPORTIO-NAL TO TIM DETECTOR SPACING AND
THE SCATTERED FRINGE SI CINC.

AoMMMICS. WC
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*OPTICAL SYSTEM

MEASUREMENT

DDEl

DEl 3

b1T32

OLTftDDOPE ?US SGA L

157



Phase Variation With Drop Size

The theoretical prediction of the phase angle versus the

dimensionless Irop size is shown on the adjacent figure. The

line with the steeper slope identifiel as 01-3 corresponds to the

detectors with the greatest spacing while the lower slope of 01-2

corresponds to the smaller detector spacing. In this particular

example the ratio of the detector spacings was three. With this

detector arrangement, the signal processor has sufficient

resolution to provide a size range of 105 at a single optical

setting.

The relationships for all of the optical parameters involved were

tested using monodispersed drops. Zn all cases, the monodisperse

drops could be measured to within a few percent of the predicted

size.

* THEORY-MCAL ANALYSIS

SPOVIDE MATHEMATICAL DESCRW'TION OF N'TERFERENCE PATTERN

9 DrrIrT PAR ki1mRc EFFECTS
* PRODUCE FtNCTIONAL RELATIONSIW' FOR DROP SIZE

SDESCRIE THE SAMPLE VOLUME AS A FUNCTION OF DROP SIZE
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* THEORETICAl. PREDICTION SHOWING TIHE PHASE VARIATION WITH

DIMENSIONILESS DROP SIZE

360;.01.3 01.2

" I II
•1 270 I3

:" 180

'? 90

0 5 10 Is 20 25 30
DIAMETER/DELTA

"INSTRUMENT RESPONSE CURVES

*COMMLENTS

SLIN'EAR RELTIONSHIP

'"Deha-6 =--

ital' 2 sit 1/2

'-- LASER BEAM INTERSECTION ANGLE

• THREE OR MORE DETECTORS REQURED TO:

o PREVENT PHASE AMBIGUITY

o INCREASE DYNAXfC RANGE AND MAINTAIN SENSITIVI';

* REJECT SPURIOUS SIGNALS

- DETER.flN'E DIECTION OF FRINGE MOTIONS

ARoMMEICS. INC
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W VERIFICATIONS OF TIlE THEORETICAL PREDICTIONS

360
,• •DATA

240

• 180

12THEORETICAL CURVE

0 "PHASE ANGLE vs. D/DELTA
FOR M/, 9.74. 0 30. m- 1.33

,, I A I I I a I I I

0 2 4 S a .10 12
D/DELTA

*: . SIZE RA.NGE SELECTION

e BEA.\I INTERSECTION ANGLE

9 DETECTOR SPACING

OPTICAL PAR.AMETERS AFFECTING MEASUREMENT

m - retraetive index of drop

A - laser light wavelength

- laser beam intersection angle

"' - observation angle

R - observation distance

S - detector spacing

• PARAMETERS CHANGE THE SLOPE (SIZE SCALE) OF THE RESPONSE CL''E

ADOMETWICS. INC.
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"Sample Volume Normalizations

All single particle counters using lasers produce distributions

that are biased due to the Gaussian beam in.tensity distribution.

The bias occurs as a result of the larger particles producing a

detectable signal from a larger area of the sample volume than

the small particles. Small particles may only be detected when

they pass through the central high intensity region of the beam.

* The bias may be removed by accounting for the change in sampling

cross-section with particle size. Analytical descriptions have

been used by assuming an ideal Guaussian beam intensity distri-

* bution and that the beam intensity is not affected by windows or

"the particle field. This obviously cannot be relied upon in most

practical applications.

.. The Phase/Doppler Particle Analyzer has incorporated a method for

measuring the sample volume cross-section for each size class.

Since the sample volume is measured with every size distribution.

the effects of the measurement environiiment are accounted for in

the sampling statistics. This method also provides greater con-

fidence in the determination of the mass flowrate.
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-- e"

PROBE VOLUME CORRECTION FOR GAUSSIAN BEAMS

• 1,0

p'.8

- THEORETICAL

* EXPERIMENT

A

A.

. ,0 1. A .61 .1 1 .0
•," d/dina

dmin

AEIOMETrrCS. INC.
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S~SYsten Evaluation .

Extensive experimentation was conducted to verify the performance

of the P/DPA. The early experiments involved the measurement of

monodisperse droplets with the beams passing throLjh sprays. The

apray had little or no affect on the measurements. Comparisons

of spray measurements were made with other instruments. The

adjoining figure shows an example of results obtained by Delavan

Inc. These data were obtained using a light scattering probe for

the small particles and an imaging system for the larger

,o particles. The relatively large dynamic range of the P/DPA

allowed the coverage of the entire size distirbution at one

.i optical setting.

'- Other measurements were made to characterize the axial and radial

size distributions of pressure and two-fluid atomizers. Repre-

i- .. sentative results are shown on the attached figures. Note that

the white dots within the histogram bars represent the data

before being corrected for the effects of the Gaussian beam.

•.' Size-velocity correlation data are also presented. These data

represent the mean and rms velocities for each particle size

class. The evolution of the spray as a result of the relative

*- velocities of the particles and their respective rates of relaxa-

tion can be derived from these data. For example, the size

velocity correlations have been presented to show the spray

development with axial and radial distance.
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*" . PRESSURIE ATOMIZER

* DELAVAN 45B, .Sgpb AT 80 psig

* MODERATE DROP NIMBER DENSITY

14 DATA SUPPLIED BY DELAVAN INC
DI 44.8

"12 D3 2 99.7
"0 PHASE/DOPPLER DATA

D10 m 47
10. D3 2 102

8-w

w..

4

2

"0 40 50 120 160 200 240 2"0
DROPLET DIAMETER. um

PRESSURE ATOMIZER

* CO•MENTS

. COMPARISON TO DELAVAN INC MEAS1REMENT

* AGREEMENT ON D10 AND D32
o CANNOT CONCLUDE ACCU•ACY FROM D32 COMPARISON

* SIZE DISTRIBUrION GREATER THAN FACTOR OF 30

AERMEThIlP. INC.
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.,.s PAJ W ~-. - . ~ '~-~ - - -~e-P A0WU tiC$.LS INC.

8B?

_______ - -AritMetic Kean (018): 5S
- - -Aria Mean (029): 1

Volume Kean (039): 25
-~ ~ 11 88.8.eu~i.. Sauter Uen (032): 38

Diameter (Nicrometers) Corrected Count: 11943

1 743

Arithretic Klan (012): 25
Area rcan (029): 32

UoluKe Klan (P30): 38
-"'-Y Sauter k~an (P32): 55

Diameter CMicro~tters) Corrected Count: 19335

Drop size DiStribution

C PNPM~o Distribution- 91? C 'PI 1 71
1~ patalDistri~ution 

-

1* - r I2.9r aee (Mcoees)lme ilcoeti
TepraIn Spailsz arbtoswt

Corepodig .ize~" Vlcty c orreaton

, S165



-,il

2 2ft cm. ZaSm

Is.we

0 £

2: - 2 cm. 2 - S cm.

nRadial Distribution of Mean Drop Size
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Z a 1 cm.Radial Drop Size -
Velocity Correlations

AEROMEMICS. INC
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In summary, the recognized potential eharacteristics of the method are:

* linear relationsbip between the measured phase angle and drop size

0 size rane of 30 or greater at a single optical setting

e overall size range of 3 to 2000 microns

9 simultaneous size and velocity measurements

"* relative insensitivity to beam or light scatter attenuation

* high spatial resolution

* oper.ation is similar to an LDV

* adaptable to existing LDV systems

, can distinguish between gas phase and droplets

* reduced sensitivity to misalignment

. can perform measurements independent of refri•ctive index.

A patent application bas been Diled.
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RECENT DEVELOPMENT,
IN MEASUREMENTS TECIINIQUiTS

* Simultaneous Measurements of
"Size And Velocity

* Point Measurements In Dense
Sprays

* Minimized Impact of Measurement

Environment

* Improved Dynamic Range

. Extended Size Range
0.5 to 3000 um

* Spray Flame MJeasurements
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PROBLEM AREAS
RESEAR CII OPPORTUNITIES

S Verification of Performance

* Near-Nozzle Measurements

H ligh Number Density Environments

i, :* 0 Gas Vclocity Measurements In Sprayt

• 0 Nonuniform Seeding

* Spray Flame Measurements

* Drop Data In Lagrangian Frame
i • Measurement ot Turbulent

Dispersion of Drops

"F * Communication With Modellers

* Convincing Funding Agencies{! Basic Data Is Unavailable

I
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